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1 Introduction
The world surrounding us, either the artificial or the natural environment, is in constant motion.
The flow of liquids belongs to these motions, like the drift of sea-water or the transportation of
oil in a pipe. Hence it is absolutely important for science to precisely investigate the phenomena
in which material is transported from one place to another. Diffusion due to concentration
gradients, migration of ions in an electric field and convection in the presence of the gravity
field of the Earth are the major transport processes in the absence of other external forces.
Convection driven by the density change between two miscible fluids is studied in my disser-
tation. An autocatalytic reaction is a very good choice for this type of experimental investigation
because there is a narrow interface, the so-called chemical front, between the products and the
reactants with a constant density difference which depends on temperature and concentration
and influences the flow of the liquid.
Pouring a less dense fluid on the top of a more dense one in a vertical tube creates an inter-
face that is hydrodynamically stable. Although when we switch the two liquids, the interface
between them also can be stable if the tube is sufficiently narrow; the more dense fluid will
descend and the other one will ascend inducing convection in a common situation if the tube
sufficiently thick. The number of convection ring describing the phenomenon is increasing with
the size of the gap. For a horizontally positioned vessel with a vertical interface between the
liquids, the initial planar shape is hydrodynamically unstable for any height and a structure with
a single convection roll may evolve for thin layers.
The chlorite-tetrathionate autocatalytic system with hydrogen ion being the autocatalyst was
used to investigate the convection evolving from vertically initiated reaction fronts in horizontal
vessels. The product solution has a greater density than the reactant under isothermal condi-
tions. Since the reaction is strongly exothermic, the density of the solution decreases locally at
the front if thermal effect is not eliminated by using proper thermostating.
Anne De Wit and her co-workers using two-dimensional calculations reported that the char-
acteristic parameter of the profile – the mixing length – is proportional to the square of the
liquid layer height, hence one purpose of the present work was to investigate experimentally
the validity of this relation. The other aim was to describe the influence of thermal effects
and the switching from homogeneous to porous medium on the shape of the front. Finally the
three-dimensional flow field of the reaction front was also determined.
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2 Experimental
The convective instability was investigated in the chlorite-tetrathionate system and the experi-
ments were carried out in a Hele-Shaw reaction vessel which consists of two parallel Plexiglas
plates with a spacer separating them as shown in Fig. 1. The size of the gap and hence the
reaction volume, was varied by changing the thickness of the spacer from 1 to 5 mm. The reac-
tant solution was poured into the gap with a pipette. The reaction was initiated with hydrogen
ions created electrochemically by using platinum wires. The electrolysis was carried out for
five seconds with 3 V potential difference. The same reaction vessel was used in the porous
system where borosilicate beads were added with tweezers to create a monolayer close packed
medium.
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Figure 1: Sketch of the Hele-Shaw vessel.
Experiments at 3 ◦C were carried out in Hele-Shaw vessel as well: the entire setup was
cooled down with a thermostate (Heto HMT 200). The solution was mixed at 3 ◦C temperature
and injected into the pre-cooled cell.
A special experimental setup was constructed to explore the three-dimensional flow field
in the chlorite-tetrathionate reaction as illustrated in Fig. 2. The essence of the technique is to
place chemically inert particles with micron size and having the same density as the solution
into the liquid so the particles will not sediment during the reaction but move along with the
flow. The light scattered on the particles is visible hence the flow field can be reconstructed. A
laser beam with 532 nm wavelength was used to ensure the sufficiently strong light (Roithner
LaserTechnik - CW532-100). The beam was expanded to a sheet with two convex lenses. The
2
reaction vessel was placed on a table which was precisely positioned before the experiments,
hence the light could penetrate into the liquid shining the appropriate layer in it.
Pictures were captured during the experiments with a suitable time resolution using a CCD
camera (Sony DFW-X710 és Unibrain Fire-I620b) and were processed later.
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Figure 2: Experimental setup of the particle image velocimetry method.
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3 Methods of the evaluation
An in-house software was used in the first step of the evaluation of the pictures which assigned
gray scale values to the pixels on the basis of their brightness. We defined the front position as
the inflection point of the first derivative of the gray scale value – space function. A low-pass
Fourier filter was used in the case of porous system to eliminate the noise with low wavelength
caused by scattering from the surface of the beads. The front velocity was calculated from the
displacement of the front profile knowing the time resolution of the images.
The average front position was determined as the average of the positions perpendicular
to the direction of propagation. The mixing length, defined as the standard deviation of the
mean front position, was used to quantitatively describe the shape of the front. The average
front profile was another important characteristic of the reaction front, which was calculated by
subtracting the average front position from every front position – eliminating the shift of the
position in time – and then averaging them in the direction parallel to the propagation.
To determine the three-dimensional flow field, the pictures of the experiments were divided
into smaller interrogation windows and the spatial correlation function between these interroga-
tion windows in subsequent images was calculated by using the Fourier-transforms of the gray
scale field based on the following relation:
f (m,n)◦g(m,n)⇔ F(ξ,η)G⋆(ξ,η), (1)
where g and f functions represent the digitized images in time t and t + dt, F is the Fourier-
transform of f and G⋆ is the complex conjugate of the Fourier-transform of g. The maximum
position of the correlation function determined the displacement associated with the motion in
the selected interrogation window. The entire three-dimensional flow field was constructed by
using these vectors, knowing the front velocity and the image of the reaction front.
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4 New scientific results
I. The thermal dilatation caused by the exothermicity of the reaction with thickness greater
than 3 mm prevented the evolution of a constant shape after initiating a vertical reaction
front in a horizontal vessel. [1]
The density difference induced convection was investigated in the chlorite-tetrathionate
autocatalytic reaction system where two different causes are responsible for the hydrody-
namic motion. On the one hand the product solution has a greater density than the reactant
because of compositional changes, on the other hand the reaction is highly exothermic,
hence the density of the solution decreases locally with the increase of temperature. The
density changes have opposite signs, therefor double convection is responsible for the evo-
lution of the shape. The increase in temperature by using a liquid layer with 1 or 2 mm
thickness is negligible and the solutal density determines the net density change as de-
picted in part (a) and (b) of Fig. 3. Using a 3 mm thick gap, the exothermicity of the
reaction plays a dominant role: the products start to cool down and hence sink following
the autocatalytic reaction, resulting in a row of convection rolls as seen in Fig. 3(c).
(a)
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Figure 3: Front in systems with 1 mm (a), 2 mm (b), and 3 mm (c) thick and 4 cm high solution
layers at room temperature. Concentrations in the reactant solution: [K2S4O6]0 = 5.00 mmol/L,
[NaClO2]0 = 20 mmol/L, [NaOH]0 = 2.5 mmol/L, and [congo red]0 = 0.057 mmol/L. The darker
color corresponds to the products and the brighter area represents the reactants.
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II. A reaction front with constant velocity and shape evolves in the 3 mm thick chlorite-
tetrathionate solution layer after eliminating the thermal dilatation with thermostating
the system at 3 ◦C. [1]
The chlorite-tetrathionate reaction was carried out under the same experimental conditions
like written above, except it was thermostated at 3 ◦C to verify the shape caused by the
thermal effect, as seen in part (c) of Fig. 3. Regarding Fig. 4 , it is well visible that by
eliminating the density decrease caused by the thermal dilatation with thermostating the
system, the new fronts are in accordance with those expected for isothermal conditions.
Although shapes are longer at 3 ◦C because of the density increase caused by cooling
down.
(a)
(b)
(c)
Figure 4: Front in systems with 1 mm (a), 2 mm (b), and 3 mm (c) thick and 4 cm high
solution layers at 3 ◦C. Concentrations in the reactant solution: [K2S4O6]0 = 5.00 mmol/L,
[NaClO2]0 = 20 mmol/L, [NaOH]0 = 2.5 mmol/L and [congo red]0 = 0.057 mmol/L. The darker
color corresponds to the products and the brighter area represents the reactants.
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III. A scaling law exists between the mixing length and the vessel height in experiments car-
ried out with different fluid thickness and concentrations using the chlorite-tetrathionate
reaction system. [1] [2]
Anne De Wit and her co-workers using two-dimensional calculations reported that the
mixing length (Lm) – defined as the standard deviation of the average front position and
used to qualitatively characterize the front – is proportional to the square of the liquid
layer height (Lz). A large number of experiments were investigated under systematically
modified conditions to verify the relationship between the two attributes. The experi-
ments were carried out with three different initial concentration of potassium-tetrathionate
([K2S4O6]0= 3.75 mmol/L, 5.00 mmol/L, and 6.25 mmol/L), while keeping the ratio
[NaClO2]0/[K2S4O6]0 = 4. A gap with 1, 2, and 3 mm thickness and 1.0, 1.5, 2.0, 2.5,
3.0, and 4.0 cm height was utilized. It was found that there exists a scaling law which
significantly differs from the square function. An example corresponding to the system
with composition [K2S4O6]0 = 5 mmol/L is depicted in Fig. 5.
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Figure 5: The mixing length as the function of the vessel height for various different thicknesses
at 3 ◦C with [K2S4O6]0 = 5 mmol/L. Solid lines represent the results of the power function
fitting.
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IV. A front with constant shape and velocity evolved in porous system around close-packed
monolayers which was similar to that observed in homogeneous medium and a similar
scaling law was also found. [3]
The flow of fluids is influenced by porous medium hence the experiments were carried
out with different sized borosilicate beads to investigate and characterize the influence of
medium on the shape of the reaction. The observed fronts were shorter using porous setup
than in the case of homogeneous system and this decrease in the mixing length was caused
by the decrease of the effective reaction area. The effect is visible in Fig. 6 where shapes
of experiments carried out with the same gap size, temperature and reactant concentration
are depicted.
(b)
(a)
Figure 6: The comparison of the observed shapes in the case of homogeneous (a) and porous
(b) media by using a spacer with 4 cm height and 2 mm thickness at 3 ◦C. Concentrations in the
reactant solution: [K2S4O6]0 = 5.00 mmol/L, [NaClO2]0 = 20 mmol/L, [NaOH]0 = 2.5 mmol/L,
and [bromophenol blue]0 = 0.08 mmol/L. The brighter color corresponds to the products and
the darker area represents the reactants.
The influence of permeability on the shape and the velocity of the reaction front was in-
vestigated by using beads with different size. The width of the spacer was equal to the
diameter of the bead in every experiment to ensure the close-packed arrangement. It was
shown also experimentally and numerically that the porosity of the close-packed, mono-
layer, porous medium is independent of the bead size. The permeability (inverse of the
resistance against the flow caused by the particles) was increased parallel with the bead
size, hence the modification of this parameter changed the evolving structure. The expo-
nents and the coefficients of the power function fitting in the case of the mixing length and
the front velocity as the function of the vessel height were summarized in Table 1, while
the curves belonging to the function of the mixing length were depicted in Fig. 7. The
exponents of the functions corresponding to the mixing length are similar within experi-
mental error but the coefficients increase with the bead size so the greater the permeability
is, the longer the reaction front is.
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Table 1: The coefficients (A) and the exponents (B) in the equation describing the mixing length
as the function of vessel height (Lm = ALBz ); the coefficients (C) and the exponents (D) in the
equation describing the front velocity as the function of vessel height (v = CLDz ) in experiments
carried out with different bead size (d).
d (mm) A B C D
2 0.265 ± 0.018 1.12 ± 0.06 0.448 ± 0.007 0.124 ± 0.016
3 0.314 ± 0.005 1.22 ± 0.01 0.536 ± 0.018 0.202 ± 0.035
4 0.422 ± 0.016 1.18 ± 0.03 0.680 ± 0.010 0.203 ± 0.016
5 0.464 ± 0.009 1.22 ± 0.02 0.852 ± 0.034 0.355 ± 0.049
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Figure 7: The mixing length as the function of vessel height in porous medium with different
bead size at 3 ◦C. Solid lines represent the results of the power function fitting.
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V. A scaling law depending on the permeability exists between the mixing length and vessel
height in heterogeneous media worked up in a gap with different thickness and height. [3]
Experiments were carried out by using gaps with different size and the observed mix-
ing length was investigated as the function of the permeability. The curves of the power
functions fitted in the case of various spacer size could be summarized with the following
equation
Lm/cm = (0.20±0.01) (Lz/cm)
1.20±0.02 (K/10−9m2)0.30±0.02 (2)
and those are illustrated in Fig. 8.
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Figure 8: The mixing length (Lm) as the function of permeability (K) for various vessel heights.
Solid lines were fitted with equation (2).
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VI. A strong upward flow evolves behind the tip of the front in a 20 mm thick chlorite-tetrathionate
reactant solution which brakes up the structure in a direction perpendicular to the motion
of the liquid.
The solution was illuminated in different layers during the subsequent experiments and
the vectors of the motion were placed in the appropriate position. The velocity, the top
view of the front and the distance of the light sheet from the container wall were used to
create the entire three-dimensional flow field of the reaction, as shown in Fig. 9. At the
walls, the convection ring is very long and the downward flow is short and strong at the
tip of the front, while the upward flow is much weaker and longer. Farther from the sides,
the ring becomes shorter and stronger at the tip of the profile hence the medium moves
upward strongly near behind the front. A second convection ring evolves in the middle
of the convection area which rotates in the same direction as the first one and forms a V
shaped cusp.
Figure 9: A three-dimensional flow field in the chlorite-tetrathionate reaction. The depicted
structure is 6,3 mm high, 16 mm thick, and 41 mm long.
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